Introduction {#section1-0963689717735411}
============

Since Cajal demonstrated the "neuron doctrine,"^[@bibr1-0963689717735411]^ it was widely believed for many years that neural tissue in the central nervous system (CNS) never regenerates once it matures to differentiated neurons. However, Altman and Das first identified stem cells and neurogenesis in the adult mammalian brain in 1965 with autoradiography.^[@bibr2-0963689717735411]^ Then, Reynolds and Weiss demonstrated in 1992 that neural stem cells (NSCs) exist in the adult mammalian brain,^[@bibr3-0963689717735411]^ which gave rise to stem cell research and the many studies that followed.^[@bibr4-0963689717735411][@bibr5-0963689717735411][@bibr6-0963689717735411][@bibr7-0963689717735411]--[@bibr8-0963689717735411]^ Biological technology involving various kinds of stem cells has been developed. Takahashi and Yamanaka established a method to induce pluripotent stem cells (iPSCs) from mouse embryonic and adult fibroblast cultures by 4 factors (i.e., octamer-binding transcription factor 3 or 4 (Oct3/4), sex determining region Y-box 2 \[Sox2\], c-Myc, and Kruppel-like factor 4 \[Klf4\]) in 2006^[@bibr9-0963689717735411]^ and from adult human fibroblasts in 2007.^[@bibr10-0963689717735411]^ This discovery is accelerating the clinical trials of stem cell transplantation for patients with diseases in the CNS and widening the possibility of discovering new drugs or revealing the mechanisms of several diseases.

Parkinson's disease (PD) is a neurodegenerative disease characterized by the loss of dopaminergic (DAergic) neurons in the nigrostriatal system. Resting tremors, rigidity, akinesia, and disturbance of postural reflex are the tetralogy of PD. Dopamine (DA) replacement therapy has been established and is now a gold standard for the treatment of PD.^[@bibr11-0963689717735411]^ The advantage of medication is that it is less invasive, and oral administration leads to prompt effectiveness. On the other hand, the disadvantages include drug-induced dyskinesia and other side effects. Stereotactic surgery, such as deep brain stimulation and thermocoagulation, has also been established as a strong therapy option for PD.^[@bibr12-0963689717735411],[@bibr13-0963689717735411]^ Surgery has dramatic and prompt effects, although it requires relatively invasive maneuvers and involves expensive medical care. Rehabilitation is also an established therapy for functional maintenance and recovery of PD patients.^[@bibr14-0963689717735411],[@bibr15-0963689717735411]^ Basic research revealed that rehabilitation exerted neuroprotective effects on animal PD models with increased neurogenesis.^[@bibr16-0963689717735411]^ Rehabilitation ameliorates the mental state of patients safely and at a low cost, although continuous efforts are needed to produce slow therapeutic effects. Although PD patients receive benefits from the existing therapies, these patients experience exacerbated symptoms over time.

PD pathology mainly lies in the degeneration of DAergic neurons in the nigrostriatal system brought on by both genetic and environmental triggers. Thus, PD is a good target for cell therapy. Fetal nigral cell transplantation^[@bibr17-0963689717735411],[@bibr18-0963689717735411]^ was initially considered to have a "magical" effect on PD patients. In this review article, fetal nigral cell transplantation is described as part of the historical development of cell therapy for PD (see the following section). Subsequently, the current status of cell therapy and the future direction of cell therapy for PD will be discussed.

Historical Development of Cell Therapy for PD {#section2-0963689717735411}
=============================================

Fetal Nigral Cells {#section3-0963689717735411}
------------------

Cell therapy for PD began when the transplantation of fetal rat DA-containing neurons improved motor abnormalities in the PD model of rats with good survival of grafts and axonal outgrowth in 1979.^[@bibr19-0963689717735411]^ This study showed the potential of cell therapy to reverse the deficits after circumscribed destruction of brain tissue. In clinical practice, roughly 30 y have passed since the 2 clinical trials using cell transplantation for PD patients were reported in 1988.^[@bibr17-0963689717735411],[@bibr18-0963689717735411]^ Fetal nigral cell transplantation was intended to achieve synapse formation between transplanted donor cells and preserved host neurons as well as to supply DA. This method was considered to be an effective and safe therapeutic option at that time, although there were immunological problems and ethical issues involved with using aborted fetuses. However, at the outset of the 21st century, randomized, double-blind studies revealed the insufficient functional recovery of older patients and delayed dyskinesia in some patients, although the increased DA uptake was recognized by positron emission tomography (PET) using 18F-fluorodopa.^[@bibr20-0963689717735411][@bibr21-0963689717735411]--[@bibr22-0963689717735411]^ The results of these studies substantially reduced the momentum for fetal cell transplantation. On the other hand, the hopeful aspects of fetal nigral cell transplantation using a cell suspension were reported compared to the solid tissue transplantation used in the previous randomized, double-blind studies.^[@bibr23-0963689717735411]^ Two patients showed improvement in motor function, reduction in levodopa ([l]{.smallcaps}-DOPA)-induced dyskinesia, and no dyskinesia in the off state. Four years after transplantation, postmortem analyses showed that many transplanted cells had survived with subtle immune reactions, despite the usage of immunosuppression for only 6 mo.^[@bibr23-0963689717735411]^ Some patients receiving fetal nigral cell transplantation showed a continuous improvement of motor symptoms for over a decade.^[@bibr24-0963689717735411]^ Thus, fetal nigral cell transplantation might exert strong therapeutic effects over an extended period if there is appropriate patient selection, transplantation protocol, and optimal trial design. The current status of the TRANSEURO trial (<http://www.transeuro.org.uk>), a European Union--funded multicenter clinical trial of fetal nigral cell transplantation, has been shown in detail.^[@bibr25-0963689717735411]^ In order to increase the therapeutic effects and to minimize the risk of graft-induced dyskinesia, the overall protocol of TRANSEURO was strictly determined ([Table 1](#table1-0963689717735411){ref-type="table"}). Most PD patients are idiopathic and age is considered as the major risk factor to exacerbate PD symptoms. Thus, a major flaw in the TRANSNEURO trial might be emphasis on younger subjects with early stage disease. In another article, it was confirmed that the patients enrolled in TRANSEURO were young, well-educated with higher cognitive scores, and possessed good motor function, compared to eligible PD patients not enrolled in TRANSEURO,^[@bibr26-0963689717735411]^ although it is natural for the inclusion criteria to outline the characteristics of PD patients enrolled in such a trial. The results of TRANSEURO are highly anticipated and will strongly affect the future of cell therapy using DAergic neurons, although we need to consider the ethical issues of fetal nigral cell transplantation.

###### 

Information on TRANSEURO.^a^

![](10.1177_0963689717735411-table1)

  Issues                                                         Conditions
  -------------------------------------------------------------- --------------------------------------
  Inclusion criteria                                             Aged less than 65 y
  Disease duration less than 10 y                                
  Without cognitive impairment                                   
  Without significant levodopa-induced dyskinesia                
  Tissue preparation                                             Tissue collection in several centers
  Transfer of tissue between centers                             
  Storage up to 4 d in hibernation medium                        
  Transplantation                                                Standardized procedure for grafting
  Transplantation via 5 to 7 tracts into the posterior putamen   
  Study design                                                   Observation study with 150 patients
  Randomized 40 of the 150 patients                              
  Assigned either to transplant or control group                 
  Immunosuppression for 1 y                                      
  Primary end point                                              Three years after transplantation

^a^The condition and issues of criteria, such as patient selection, tissue composition, tissue placement, trial design, and primary end point, are described. The promising patients are selected with the intent of not causing graft-induced dyskinesia. Tissue is collected, stored, and transplanted in a stable fashion to ensure the quality of cell transplantation.

Autologous DA-secreting Cells {#section4-0963689717735411}
-----------------------------

In the usage of autologous cells, there are no ethical issues and only a limited immune reaction. Autologous cell transplantation using various tissues to supply DA was also reported as a potential treatment for PD patients.^[@bibr27-0963689717735411],[@bibr28-0963689717735411]^ A phase I/II study was performed using intrastriatal transplantation of the autologous carotid body in patients with advanced stage PD.^[@bibr28-0963689717735411]^ Bilateral intrastriatal transplantation was performed in 13 PD patients, and no patients demonstrated graft-induced dyskinesia. Clinical amelioration was found in 10 patients. The carotid body is a paraneuron derived from the neural crest that is similar to the chromaffin cells of the adrenal medulla. Glial cell line--derived neurotrophic factor (GDNF) secreted from the carotid body might exert the neuroprotective effects of these transplanted cells.^[@bibr29-0963689717735411]^ However, there have been no further clinical studies using this type of cells.

Current Status of Cell Therapy for PD {#section5-0963689717735411}
=====================================

In the previous section, the clinical trials of cell transplantation with fetal nigral DAergic neurons and autologous DA-secreting cells were described. Next, we would like to examine the current status of cell therapy for PD. In the National Institutes of Health--registered clinical trials, 18 studies are identified when the terms "Parkinson's disease" and "transplantation" are searched for (<https://clinicaltrials.gov>). Among these 18 studies, 5 involving cell transplantation are classified as open studies, which are currently recruiting participants or will be recruiting participants in the future as of February 2017. There are 2 studies using fetal DAergic cells, 1 study with allogeneic bone marrow--derived mesenchymal stem cells (BM-MSCs), 1 study with NSCs, and 1 study with encapsulated porcine choroid plexus cells. Thus far, various cell sources are still being studied in the United States.

In this section, we first briefly show our cell therapy strategy for PD. Subsequently, the current status of cell therapy using bone marrow--derived stem cells, embryonic stem cells (ESCs), and NSCs is described. Finally, the progress of the fast-evolving technology involving iPSCs is shown.

Our Strategy for PD {#section6-0963689717735411}
-------------------

Twenty-seven and 21 y have passed since encapsulated cell transplantation for an animal PD model was initially reported in the world^[@bibr30-0963689717735411]^ and in Japan,^[@bibr31-0963689717735411]^ respectively. The merits of encapsulated cell transplantation include the ability to safely use various kinds of cells including genetically modified cells, to secrete a designed neurotransmitter, neurotrophic factor, or growth factor for at least 6 mo *in vivo*.^[@bibr32-0963689717735411],[@bibr33-0963689717735411]^ The cells inside the capsule are protected from immunological rejection without the problem of tumor formation. Information on our method is described in the previous review article.^[@bibr34-0963689717735411]^ GDNF-secreting NSCs were transplanted into the brains of PD model rats. In this study, behavioral amelioration and DAergic neuronal preservation were demonstrated with good engraftment of transplanted cells. In another study, MSCs were also demonstrated to be good candidates for cell therapy in the PD rat model.^[@bibr35-0963689717735411]^ The intravenous administration of MSCs exerted therapeutic potentials through the neuroprotective effects of stromal cell-derived factor-1α. The benefits of cell therapy are (1) direct replacement of the host tissue and (2) trophic effect for the host tissue leading to neuroprotection, anti-inflammation, neurogenesis, and angiogenesis. The concept of MSC transplantation for PD is aimed at the latter benefit. Besides the development of the cell source, the timing of transplantation and the transplantation procedure should be thoroughly considered to ensure the appropriate evaluation of transplantation.^[@bibr36-0963689717735411],[@bibr37-0963689717735411]^ In addition to cell therapy, the therapeutic mechanisms of carbamylated erythropoietin-Fc fusion protein,^[@bibr38-0963689717735411]^ rehabilitation,^[@bibr16-0963689717735411]^ spinal cord stimulation,^[@bibr39-0963689717735411]^ and an antibody against high mobility group box 1 (HMGB1), which displays an inflammatory cytokine activity in the extracellular space,^[@bibr40-0963689717735411]^ were explored for PD animal models. The therapeutic effects of anti-HMGB1 antibody administered intravenously showed the possibility of inflammatory control for PD. The aims of cell therapy for PD are not only the restoration of DAergic neural structure but also the amelioration of the host tissue environment ([Fig. 1](#fig1-0963689717735411){ref-type="fig"}).

![Two keystones of cell therapy: neural restoration and amelioration of the host tissue environment. The idealistic form of regenerative medicine might be neural restoration, but the positive effects of host tissue should also be considered.](10.1177_0963689717735411-fig1){#fig1-0963689717735411}

Cell Therapy Using MSCs, ESCs, and NSCs {#section7-0963689717735411}
---------------------------------------

In the stem cell era, various kinds of stem cells were explored in terms of their potential for PD treatment. MSCs are easily harvested and amplified via differentiation capacity. Dezawa et al. reported a method for inducing the differentiation of MSCs into the neuronal lineages by gene transfection with a Notch intracellular domain and subsequent administration of basic fibroblast growth factor (bFGF), forskolin, and ciliary neurotrophic factor (CNTF).^[@bibr5-0963689717735411]^ Additional GDNF treatment increased the proportion of DAergic neurons. Next, they found multilineage-differentiating stress-enduring (Muse) cells^[@bibr41-0963689717735411]^ with stage-specific embryonic antigen-3 (SSEA-3). The protocol for isolation and culture takes less time and labor than that of other stem cells. The use of Muse cells for the treatment of CNS disorders is another hope. Intranasal delivery of MSCs might also be attractive for clinical application.^[@bibr42-0963689717735411],[@bibr43-0963689717735411]^ So far, however, there have been no successful clinical data involving MSCs for PD patients.

ESCs have also been studied vigorously. In 2000, 2 essential methods of neuronal differentiation from ESCs were reported. Kawasaki et al. found that the coculture of ESCs and stromal cells (stromal cell-derived inducing activity \[SDIA\] method) induce ESCs to become neuron-like cells with a high proportion of DAergic neuron-like cells.^[@bibr44-0963689717735411]^ On the other hand, Lee et al. described a method that involves going through the embryoid body.^[@bibr45-0963689717735411]^ Both methods were refined in various ways to realize a clinical application.^[@bibr46-0963689717735411],[@bibr47-0963689717735411]^ With the SDIA method, Doi et al.^[@bibr48-0963689717735411]^ and Takagi et al.^[@bibr49-0963689717735411]^ conducted a preclinical trial using a monkey model. Recent studies revealed that markers of the caudal ventral mesencephalon are associated with higher DAergic neuronal differentiation from ESCs.^[@bibr50-0963689717735411]^ From another institute, purification of human ESC- and iPSC-derived DAergic neurons with a cell surface marker of midbrain DAergic neurons, leucine-rich repeat and transmembrane domains 1, which belongs to the extracellular leucine-rich repeats superfamily, was reported as a tool for efficient cell therapy for PD patients.^[@bibr8-0963689717735411]^ These results might improve the protocol for DAergic neurons from ESCs with subsequent outcomes of transplantation itself. The ethical issues and tumor formation are critical problems, but the continuous efforts to overcome tumorigenesis are impressive.

NSCs offer another source of hope.^[@bibr51-0963689717735411]^ There are several research papers on the human-derived NSC line for an animal model of PD.^[@bibr5-0963689717735411],[@bibr52-0963689717735411],[@bibr53-0963689717735411]^ The neuroprotective effects of NSCs were mediated by secreted trophic factor as well as by neuronal differentiation.^[@bibr6-0963689717735411]^ Clonal human DAergic neuron precursors might exert stable therapeutic effects and be a good design for *in vivo* experiments.^[@bibr52-0963689717735411]^ Recently, a phase I study of transplantation of NSCs for PD patients was reported from Turkey.^[@bibr54-0963689717735411]^ Twenty-one PD patients were transplanted with NSCs derived from ESCs into the bilateral striatum at specific intervals, and the motor function of the patients improved significantly with no apparent side effects.

Current Status of iPSCs {#section8-0963689717735411}
-----------------------

As described briefly in the Introduction section, biotechnology using iPSCs opened new doors for cell therapy. After mouse- and human-derived iPSCs were established,^[@bibr9-0963689717735411],[@bibr10-0963689717735411]^ the technology progressed rapidly. Tumorigenesis is a major concern in terms of the clinical application of iPSCs, and various modifications have been developed to reduce the risk of tumor formation. Methods have been identified to generate iPSCs without c-Myc,^[@bibr55-0963689717735411]^ with only Oct3/4 and Klf4,^[@bibr56-0963689717735411]^ with Oct4 from mouse NSCs,^[@bibr57-0963689717735411]^ with recombinant proteins,^[@bibr58-0963689717735411]^ without viral vectors,^[@bibr59-0963689717735411]^ or without exogenous reprogramming factors.^[@bibr60-0963689717735411]^ In 2011, Gli-similar 1, enriched in unfertilized oocytes, was shown to be another important factor to promote the direct reprogramming of somatic cells during iPSC generation.^[@bibr61-0963689717735411]^ Thus, the efficient generation of iPSCs has been explored using safe methods. In Japan, the clinical application of iPSC-derived tissue may commence for age-related maculopathy. Very recently, it was reported that autologous iPSC-derived retinal pigment epithelial sheets survived for 1 y after transplantation with no adverse events.^[@bibr62-0963689717735411]^ After the clinical study reveals the safety of this approach, PD might be an effective target for iPSC technology.^[@bibr63-0963689717735411]^ There are several planned clinical trials of iPSC-based therapies around the world.^[@bibr64-0963689717735411]^ In 2016, the first approved clinical trial using iPSCs to treat PD patients was started in Melbourne, Australia, by the International Stem Cell Corporation.^[@bibr65-0963689717735411]^ iPSC technology is also expected to reveal pathological conditions using patient-derived iPSC research.^[@bibr66-0963689717735411][@bibr67-0963689717735411][@bibr68-0963689717735411]--[@bibr69-0963689717735411]^ DAergic neurons from PD patient-derived iPSCs produce double the amount of α-synuclein protein compared to neurons from unaffected donors.^[@bibr66-0963689717735411]^ A recent study revealed significant differences in gene expression of DAergic neurons derived from iPSCs of PD patients, especially in genes related to neuronal maturity compared to primary midbrain DAergic neurons.^[@bibr69-0963689717735411]^ Using PD patient-derived iPSCs and differentiated DAergic neurons, the genetic alteration, reaction to drugs, and fate of the cells might clarify what is beneficial and what is harmful for PD patients. Drug discoveries from iPSC technology are highly anticipated.^[@bibr64-0963689717735411]^ Alternatively, the direct conversion or transdifferentiation of fibroblasts into neurons without going through the iPSC stage is another hopeful technique.^[@bibr70-0963689717735411],[@bibr71-0963689717735411]^ Suppression of p53 combined with cell cycle arrest at G1 increased the efficiency in the direct conversion of human fibroblasts to DAergic neurons.^[@bibr71-0963689717735411]^

Future Direction of Cell Therapy for PD {#section9-0963689717735411}
=======================================

When considering the future direction of cell therapy, issues related to the cell source, conditions of cell therapy, and the mechanisms involved are all important concerns. Transplanted cells can be divided broadly into 2 groups: autologous cells and nonautologous cells ([Fig. 2](#fig2-0963689717735411){ref-type="fig"}). We can choose either or both when analyzing the advantages and disadvantages of cell types and the target disease. Generally speaking, the advantages of autologous cells are (1) few ethical issues, (2) no need for immunosuppression, and (3) relative safety. The disadvantages of autologous cells are (1) pathologically affected cells in some degenerative or genetic diseases such as PD; (2) considerable time and effort required for isolation, amplification, and purification when cells are prepared just before transplantation; and (3) efforts and cost for preserving cells when cells are prepared in advance. The advantages of nonautologous cells are (1) easy production, distribution, and handy usage of the cells after thawing preserved cells; (2) cells originating from healthy volunteers can be used; and (3) a greater variety of cells are usable compared to autologous cells. The disadvantages of nonautologous cells are (1) ethical issues and (2) immune rejection, although it depends largely on which cells are used for transplantation (e.g., iPSCs, ESCs, NSCs, MSCs). Furthermore, the generation of iPSCs from several critical human leukocyte antigen--homozygous donors might overcome the immune rejection limitation for most Japanese patients.^[@bibr72-0963689717735411]^

![Consideration of cell source. Transplanted cells can be divided into 2 groups. Autologous cells can be used with few ethical issues and need no immunosuppression, while nonautologous cells can be produced like a drug and offer uniform quality.](10.1177_0963689717735411-fig2){#fig2-0963689717735411}

As a cell source, autologous DAergic neurons from patient iPSCs are ideal. Autologous iPSC-derived DAergic neurons transplanted into nonhuman primates survived for 2 y without immunosuppression and caused functional recovery.^[@bibr73-0963689717735411]^ In terms of drug discovery, iPSCs from patients as well as the clarification of mechanisms are useful, although the variable characteristics of the clones of respective iPSCs should be considered.^[@bibr74-0963689717735411]^ Preclinical tests using iPSCs from healthy volunteers to evaluate safety, pharmacokinetics, or drug efficacy are also meaningful. We should also consider the cost--benefit performance so as not to put undue strain on the medical economy.

In applying cell therapy for PD, one paradoxical issue should be considered. The most hopeful candidates for cell therapy might be younger PD patients in the relatively early stages of the disease. These patients are usually treated using current therapeutic options, but it is clear that healthier patients might enjoy more powerful benefits from newer and potentially more effective treatment methods. The study design and inclusion criteria of cell therapy should be carefully considered when demonstrating the true therapeutic efficacy of TRANSEURO,^[@bibr25-0963689717735411],[@bibr26-0963689717735411]^ although emphasis on younger subjects with early stage disease might be an inevitable flaw. In contrast, the condition of candidates for cell therapy is not that favorable at present. In other words, cell therapy for PD is expected to impart therapeutic effects on PD patients in the advanced stages of the disease, those who will receive fewer benefits from cell therapy. To overcome this dilemma, the fundamental restoration of DAergic neurons is desired, although it is a difficult challenge. The differentiation, isolation, and purification of the DAergic neurons might affect the study results of cell therapy for PD patients. Some basic research has shown that serotonin neurons in the DAergic neuron graft are associated with graft-induced dyskinesia.^[@bibr75-0963689717735411]^ Conversely, the involvement of serotonergic neurons among the graft in dyskinesia was demonstrated by the fact that [l]{.smallcaps}-DOPA--induced dyskinesia of PD patients was suppressed via administration of the serotonin receptor type 1A agonist buspirone prior to [l]{.smallcaps}-DOPA.^[@bibr76-0963689717735411]^ Simple and effective purification is needed to obtain DAergic neuronal grafts without serotonergic neurons for fewer complications such as graft-induced dyskinesia.^[@bibr77-0963689717735411]^

Based on the historical achievements in this field, technological developments have often introduced new eras. However, the outcomes of randomized, controlled trials often contrast with the favorable results of early open-label trials. The limitation of clinical trials for PD patients might lie in the placebo responses^[@bibr78-0963689717735411]^ or cognitive/psychological impairment.^[@bibr79-0963689717735411]^ We have repeatedly experienced difficulty in obtaining good results from randomized, controlled studies. In order to overcome the somewhat static current status, we should not only refine the protocol of clinical trials but should also search for more predictive animal models^[@bibr80-0963689717735411]^ to recreate clinical trials, perform carefully retrospective analyses, and continue our efforts to realize cell therapy for PD. At the same time, we need to consider how we can reduce the running cost of cell therapy for PD. The isolation, amplification, purification, and storing of cells should also be improved from an economic perspective. To benefit the patient, hybrid surgery might be a realistic method for transplantation. The concept was first described 16 y ago,^[@bibr81-0963689717735411]^ and a viral vector or stem cell implantation combined with deep brain stimulation was recently discussed as a new form of hybrid stereotactic surgery.^[@bibr82-0963689717735411]^ Finally, a safety net after transplantation should be considered. The control of the tumor formation after iPSC transplantation by γ-ray irradiation was confirmed in rats as a fail-safe therapy.^[@bibr83-0963689717735411]^ Some switching of cell death after transplantation might also be useful, although additional genetic modification might be needed.

In this article, we have reviewed cell therapy for PD. From the historical development of cell therapy for PD, we can see the difficulty associated with achieving a positive result in randomized, controlled trials. With the review of the current status of cell therapy, various cell sources are promising, although each has several hurdles that must first be overcome. From the perspective of cell therapy, we realize that a breakthrough in this field, as represented by iPSC technology, might cause a paradigm shift in PD treatment. We need to continue our daily efforts in our clinical and research work and take every opportunity to try and achieve a breakthrough.
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